The cryosphere is the frozen part of the Earth's system. Snow and ice are the main constituents of the cryosphere and may be found in different states, such as snow, freshwater ice, sea ice, permafrost, and continental ice masses in the form of glaciers and ice sheets. The present review mainly deals with state-of-the-art applications of synthetic aperture radar (SAR) with a special emphasize on cryospheric information extraction. SAR is the most important active microwave remote sensing (RS) instrument for ice monitoring, which provides high-resolution images of the Earth's surface. SAR is an ideal sensor in RS technology, which works in all-weather and day and night conditions to provide useful unprecedented information, especially in the cryospheric regions which are almost inaccessible areas on Earth. This paper addresses the technological evolution of SAR and its applications in studying the various components of the cryosphere. The arrival of SAR radically changed the capabilities of information extraction related to ice type, new ice formation, and ice thickness. SAR applications can be divided into two broad classes-polarimetric applications and interferometric applications. Polarimetric SAR has been effectively used for mapping calving fronts, crevasses, surface structures, sea ice, detection of icebergs, etc. The paper also summarizes both the operational and climate change research by using SAR for sea ice parameter detection. Digital elevation model (DEM) generation and glacier velocity mapping are the two most important applications used in cryosphere using SAR interferometry or interferometric SAR (InSAR). Spaceborne InSAR techniques for measuring ice flow velocity and topography have developed rapidly over the last decade. InSAR is capable of measuring ice motion that has radically changed the science of glaciers and ice sheets. Measurement of temperate glacier velocities and surface characteristics by using airborne and space-borne interferometric satellite images have been the significant application in glaciology and cryospheric studies. Space-borne InSAR has contributed to S. D. Jawak et al. 164 major evolution in many research areas of glaciological study by measuring ice-stream flow velocity, improving understanding of ice-shelf processes, yielding velocity for flux-gate based massbalance assessment, and mapping flow of mountain glaciers. The present review summarizes the salient development of SAR applications in cryosphere and glaciology.
SAR data [3] . In the last two decades, SAR polarimetry has shown a research potential through airborne research campaigns, which lead to the space-borne missions that offer fully polarimetric modes (i.e., ALOS-PALSAR, TerraSAR-X and Radarsat-2). Therefore, automated analysis procedures are required, which typically involve the classification task. However, SAR data classification is known to be challenging because of speckle, which results in a large variation of the backscatter across neighboring pixels within the same distributed target (e.g., a field of wheat) [4] . Table 1 shows the various popular SAR missions used in RS applications.
The most important active microwave RS instrument for ice monitoring is the SAR which provides high-resolution images of the Earth's surface. The development of airborne-SAR observing systems during the 1970s and 1980s paved the way for the satellite SAR systems Seasat, ALMAZ-1, JERS-1, ERS-1 and -2, Radarsat-1 and Envisat. ERS-1 and -2 and Radarsat-1 have been operational for many years and have provided large amounts of SAR images for sea ice observation, in particular, the Radarsat ScanSAR data. In 2003, Envisat began providing multi-mode SAR data. Other active microwave methods used for ice observations include scatterometers, radar altimeters and side-looking real aperture radars (SLR) [5] . Some radar-altimeters (like CryoSat/ SIRAL) employ synthetic aperture and/or interferometric techniques; their reduced footprint allows mapping of rougher surfaces like polar ice. Wesche et al. [6] used the mosaic of the Radarsat-1 Antarctica Mapping Project (RAMP) Antarctic Mapping Mission 1 (AMM) to classify the coastline of Antarctica in terms of surface structure patterns close to the calving front. The resulting map of the classified calving fronts provides a detailed picture of crevasse formation and the observed dominant iceberg shapes. Jezek et al. [7] compiled the RAMP mosaic of Antarctica.
Septhon et al. [8] proposed segmentation of SAR imagery of sea ice. Young et al. [9] used SAR for nearcoastal iceberg distribution in East Antarctica. Wesche and Dierking [10] proposed a method for iceberg detection in SAR images in two test regions of the Weddell Sea, Antarctica, while Willis et al. [11] proposed an iceberg detection method using ERS-1 SAR. Mapping of the ice motion in Antarctica using SAR data was done elsewhere [12] , while Rignot et al. [13] compiled a SAR interferometry (InSAR)-based Antarctica ice velocity map. Fricker et al. [14] studied iceberg calving from the Amery ice shelf, East Antarctica using SAR technology.
Recently, Jawak and Luis [15] proposed the potential application of NASA-ISRO SAR (NISAR) in cryospheric studies, to demonstrate the capability of SAR for mapping calving fronts of Antarctica.
Polarimetric SAR Classification
A Polarimetric SAR (PolSAR) is a radar that alternately transmits horizontally and vertically polarized waves and receives both the polarizations [16] . The recent launch of space-borne (TerraSAR-X, Radarsat-2, ALOS-PALSAR, RISAT) and airborne (SIRC, AIRSAR, UAVSAR, PISAR) polarimetric radar sensors, with the ability of imaging through the day and night in almost all weather conditions, has made PolSAR image interpretation and analysis an active area of research. PolSAR image classification is sensitive to object orientation and scattering properties. In the case of SAR, the radar image results from processing the raw data (i.e., after forming the synthetic aperture) and represents a measure of the scene reflectivity. The classification of SAR polarimetric data has been done by different researchers in various different ways. Airborne visible/infrared imaging spectrometer (AVIRIS) and L-Band PALSAR polarimetric SAR data were combined for vegetation cover mapping using ordinary least square (OLS) linear regression for fractional vegetation [16] . Sandholt [17] used a combination of polarimetric airborne SAR with satellite SAR and optical data for classification of agricultural land. This author used multi-spectral SPOT imagery, airborne polarimetric SAR data, and satellite-borne C-band SAR data to carry out the classification. Traditional maximum likelihood (MXL) classification was compared with classification incorporating a Gaussian mixture class model, and an algorithm based on multi-resolution structured data and sequential MAP (SMAP). High classification accuracies were obtained by using combinations of sensors. Cloude and Pottier [18] proposed an unsupervised algorithm of full polarimetric SAR data and feature vectors identification using radar target decomposition theorems and entropy analysis. They proposed that entropy arises as a natural measure of the inherent reversibility of the scattering data. Ianninia et al. [19] proposed an integration of multispectral and C-band SAR data for crop classification in the Indian Head (Canada) test site, using AgriSAR 2009 dataset, which comprised of multi-angle C-Band Radarsat-2 fine Quad-Pol images, Rapi-dEye acquisitions, and extensive ground-truth for training and validation. The SAR image series was collected during the most significant part of the crop season for a wide range of ascending and descending modes. Crop classification was performed per-field by means of a convenient quasi-ML approach [19] .
Betbeder et al. [20] used a multitemporal classification of TerraSAR-X data for wetland vegetation mapping. Authors evaluated the capability of multitemporal dual-pol TerraSAR-X images to accurately and precisely map the distribution of vegetation formations in wetland areas. For that purpose, the authors first extracted several parameters which vary with the wetland flooding status from the TerraSAR-X images. Researchers have applied different multitemporal classification techniques to the radar time series. Zhou et al. Used a parametric spatial classification of SAR images based on the fusion of multiple classifiers [21] , while Haldar et al. carried out an assessment of ALOS-PALSAR L-band SAR data at different polarization combinations for crop and other land use classification [22] . They compared classification of HH polarization data with single-date dual, quad and hybrid-dual polarimetric modes, and finally classification accuracies were compared with ground reference measurements for Rabi crops and few associated land use classes. Others carried out a supervised classification of polarimetric SAR imagery using temporal and contextual information; they used the supervised contextual classification method based on the modeling using MRFs and Bayesian approach [23] . These researchers proposed a context-based algorithm using Gaussian-based Wishart distribution of PolSAR images. For modeling contextual information by Markove Random Field (MRF), an isotropic model with a second-order neighborhood system, and to find the maximum posterior probability (minimum energy function), and the iterated conditional modes (ICM) method was used.
Classifiers Used in SAR Data
Various methods were used for classification of polarimetric SAR data during the past years, such as the ones based on the MXL, artificial neural networks (ANN), support vector machines (SVM), fuzzy methods and other approaches ( Table 2) . Terrain classification using polarimetric SAR images is an active research field where several features and classifiers have been proposed to date. A collective network of (evolutionary) binary classifier (CNBC) framework has been used to achieve high classification outcomes. Both visual and numerical performance evaluations demonstrated the superiority of proposed CNBC framework against several major classifiers Table 2 . Classification SAR images for information extraction.
Satellite used Study region Classification Result
TerraSAR-X [20] Pleine TerraSAR-X SAR terrain map with pixel-level ground truth show that HMAM is both accurate and efficient, providing significantly better results than comparable single-scale aspect models with only a modest increase in training.
Radarsat-1 SAR image [31] Jeollabuk-do area in Korea Object-based classification SAR amplitude imagery and terrain information by object-based classification is accurate and significantly improved in this field [24] . Neural networks are mostly used in pattern classification since information about the probability distribution and probabilities of deferent classes are not necessary. A two-hidden-layer back-propagation neural network has been adopted with sigmoid neurons in the hidden layers and linear neuron in the output layer. The training vectors are formed from the selected areas and normalized and presented to the NN which is trained in batch mode [25] . Parallelepiped classification employs a simple decision rule to carry out the classification of SAR images, in which the decision limits from an n-dimensional parallelepiped classification in the image data space. In this case, the dimensions are statistically defined based on a standard deviation threshold from the mean of each selected class [26] . The ISODATA (Iterative Self-Organizing Data Analysis Technique) classification method uses an iterative method that includes a number of general strategic procedures to compute classes. The ISODATA classification method is similar to the K-Means method but includes measures for spreading and combining the trial classes to achieve an optimal set of output classes. In ISODATA classifier, the user assigns the number of classes and it classifies according to the user-defined classes [26] .
Applications of Polarimetric SAR to Cryosphere
The cryosphere is the frozen water region of the Earth, and it may be found in different categories, including snow cover, freshwater ice, sea ice, permafrost, and continental ice masses such as glaciers and ice sheets [32] . The cryosphere lowers the Earth's surface temperature by reflecting a large amount of sunlight, stores fresh water for millions of people, and provides habitat for many plants and animals. The cryosphere has a significant influence on global climate and human livelihoods. Variation in spatial and temporal distribution of the cryosphere influences the water flow in the world's major rivers [33] . Sea ice is frozen water characterized by a sheet of ice of varying thickness floating on the surface of the ocean. It is constantly changing due to melting, freezing, ocean currents and wind. Even though sea ice occurs in some of the most remote regions of the Earth, it has a great impact on the climate. Its high albedo causes much of the sunlight that hits its surface to be reflected back into space. The reflected solar energy helps keep the polar region cool. So detecting sea ice and obtaining a nearreal status is very essential. In order to detect sea ice, an automated computer-aided classification system is required. SAR has been widely employed for sea ice monitoring in polar regions. A computer-aided analysis of SAR sea ice imagery is extremely difficult due to several imaging parameters and environmental factors. New technologies have recently been applied to satellite-borne sea-ice RS, including SAR, scatterometry, and altimetry. SAR provides detailed images of the ice cover at spatial resolutions as high as 30 m. The advent of SAR radically changed the capabilities of the operational centers, allowing much higher quality analysis, including information on lead location/orientation, ice type, new ice formation, and ice thickness. SAR instruments on ERS-1/2, Radarsat, Envisat, and Advanced Land Observing Satellite (ALOS) provide useful high-resolution information on deformation, leads, ridging, and new ice production. All these parameters are needed to understand the increasing of the ice cover around Antarctica. SAR provides the best high-resolution data from space and is extremely important for operational support. In spite of what preceded, there are significant ambiguities in the single polarization backscatter signature, making interpretation difficult at times. Less downloading facilities in the polar regions have limited the amount of data available, particularly in the Antarctic. SAR can be used to map ice cover and areas of open water on rivers and lakes, and to identify areas of floating and grounded ice.
Scheuchl et al. [34] reviewed SAR measurement for sea ice parameters. In this overview paper, the authors have summarized both the operational and climate change research by using SAR for sea ice parameter detection ( Table 3 ). There are uncertainties with respect to the extraction of SAR derived sea ice parameters. An empirical model has been developed to estimate snow density from SAR backscattering. In the absence of free water and ice layers in the snowpack, the microwave scattering and emission behavior are governed by the snowpack depth and its density. The complexity in the behavior of snow density to the total radar backscattering makes it difficult to develop a model for estimating snow density from single polarization C-band SAR data. Therefore, an empirical model has been adopted. The total backscattering has been considered as a third-order polynomial of snow density. In the microwave region, active SAR sensors are used to map dry and wet snow. Passive microwave sensors such as Special Sensor Microwave Imager (SSM/I) help in the determination of the thickness of snow and ice [35] . Multitemporal SAR images are very useful sources of information for a lot of applications, especially for change detection and monitoring, and crevasses detection for the safe movement of the convoy in polar regions. A crevasse is a fracture in a glacier caused due to large tensile stresses at or nearby the glacier surface. Crevasse detection is necessary for the safety of the field campaigns in the expedition. Radar is a useful method for ice crevasse detection, which has been used in Antarctica since 1975. Earlier, radar crevasse detection systems could not sense a crevasse until the vehicle or sensor was directly above it. Accordingly, airborne radar was used for ice crevasse detection in the Antarctic expeditions. Compared with optical satellite image, SAR image can detect crevasse under the snow bridge because radar can penetrate the snow surface. Crevasse detection also provides information to monitor dynamic changes of the ice sheet. Crevasses can be detected using SAR images by manual interpretation or filter group based on the linear discontinuity. Semi-variance function can be adapted for crevasse detection in SAR images, based on the directional characteristic of crevasse texture.
Applications of Interferometric SAR (InSAR) to Cryosphere
The distribution of blue ice can be studied from the SAR images. In SAR satellite image, blue ice can also be visually recognized. The amplitude of the signal of blue ice is lower than that of snow, because the ice surface is smoother than the latter. But the difference is not so obvious when automatic extraction techniques are applied. Blue ice can be recognized easily in the coherence map derived from two SAR images, because of the higher coherence of blue ice one can differentiate it from snow and mountain areas. Application of SAR interferometric coherence to discriminate the target blue ice is studied over polar inland ice. Interferometric coherence analysis [42] Sea ice deformation is carried out in the Grove Mountains region in East Antarctica, using a pair of tandem ERS-1/2. The study indicates considerable variations in coherence between blue ice and other ice sheet features, suggesting possibilities for blue ice discrimination. The generated blue ice target map was compared to a reference blue ice map extracted from Landsat thematic mapper (TM) image, which indicate good consistency for target discrimination [43] . SAR interferometry (InSAR) has proved to be useful in the application of generating the digital elevation model (DEM), topographic mapping and surface detection in the areas which are out of reach, such as Grove Mountains, east Antarctica [43] . An improved understanding of ice sheet dynamics is essential to determine the mass balance of ice sheets and their contributions to sea level [44] [45] . Measurements of temperate glacier velocities and surface characteristics by airborne and space-borne interferometric satellite images have been of the significant application in glaciology and cryospheric studies. DEM generation and velocity mapping are the two most important applications to cryosphere using SAR interferometry. InSAR is capable of measuring ice motion and has radically changed the science of glaciers and ice sheets [46] . InSAR techniques are useful in generating DEM of glaciers. Time difference DEMs have been used to infer velocity of ice and mass balance of glaciers. Glacier velocity is also an important control factor of the ice discharge rate of calving glaciers. Study of ice velocity field is one of the key issues for understanding glacier dynamics. Surface velocity fields can provide useful information on phenomena such as glacier surges or ice fall. Although the surface displacements of glaciers can be monitored in-situ with ground GPS points, this solution is hardly possible in terms of both implementation and cost. Glaciers displacements can be accurately measured using interferometry. Jawak and Luis [47] used multitemporal RAMP, ICE-Sat and GPS data to construct an accurate DEM of the Larsemann hills and Schirmacher oasis region, east Antarctica [47] [48] [49] [50] . In another attempt, Jawak and Luis [51] merged the photogrammetric Cartosat-1 DEM and RAMP elevation data to generate improved DEM of Schirmacher Oasis, east Antarctica. Joughin et al. [52] reviewed glaciological advances made with InSAR. Spaceborne InSAR techniques for measuring ice flow velocity and topography have developed rapidly over the last decade. Spaceborne InSAR has contributed to major advances in many research fields of glaciological study by providing measurements of ice-stream flow velocity, improving understanding of several ice-sheet and ice-shelf processes, yielding velocity for flux-gate based massbalance assessment, mapping flow of mountain glaciers, and capturing the geomorphic traces of past ice flow. Joughin et al. [52] reviewed the basic method development, the measurement characteristics, and the extensive set of results yielded by InSAR measurements. Rignot et al. [44] estimated the recent Antarctic ice mass loss by using radar interferometry and regional climate modeling. Rignot [53] detected hinge-line migration on Rutford Ice Stream and Carlson Inlet, Antarctica using radar interferometry. Jezek [54] studied the glaciological properties of the Antarctic ice sheet from Radarsat-1 SAR imagery. In other studies, researchers presented Radarsat 1 SAR observations of Antarctica under modified Antarctic mapping mission [55] . Michel and Rignot [56] estimated the flow of Glacier Moreno, Argentina, from repeat-pass shuttle imaging radar images and carried out a comparison of the phase correlation method with radar interferometry. Bamber et al. [57] developed a new 1 km DEM of the Antarctica by combining satellite radar and laser data. Hoen and Zebker [58] studied the penetration depths inferred from interferometric volume decorrelation observed over the Greenland Ice Sheet. Rignot et al. [29] demonstrated the penetration depth of interferometric SAR signals in snow and ice. Rignot et al. [60] presented a reference, comprehensive, high-resolution, digital mosaic of ice motion in Antarctica assembled from multiple satellites InSAR data acquired during the International Polar Year 2007-2009. The data revealed widespread, patterned, enhanced flow with tributary glaciers reaching hundreds to thousands of kilometers inland over the entire continent. Joughin et al. [61] demonstrated the interferometric estimation of three-dimensional ice-flow using ascending and descending passes. The authors have developed and demonstrated a technique that allows the three-component velocity vector to be estimated from data acquired along two track directions (ascending and descending) under a surface parallel flow assumption for the Ryder Glacier, Greenland. Joughin [62] proposed a combined interferometric and speckle-tracking approach for ice-sheet velocity mapping. Griggs and Bamber [63] presented validation and error estimates for a new 1 km DEM of Antarctica derived from combined radar and laser data. Rignot et al. [13] used differential satellite radar interferometry for Antarctic grounding line mapping. Table 4 summarizes the applications of InSAR in cryosphere.
Summary and Discussion
SAR is an airborne or space-borne SLR system which generates high-resolution RS imagery. Various methods for fractional snow-covered area evaluation have been designed for different geographical regions. The backscatter response of microwave energy is a complex blend of a variety of influences such as surface roughness, dielectric constant, penetration depth, subsurface features, presence of liquid water, frequency, viewing geometry (incident and azimuth angles), surface slopes, etc. Polarimetric SAR data have a challenging task because of the complexity of measured information from its multiple polarimetric channels. Over the past decade, there has been substantial research in the area of the segmentation and classification of polarimetric SAR data Polarimetric SAR classification can be based on either supervised or unsupervised methods, their accuracy and suitability mainly depend on applications and the availability of ground truth. Interpretation of the classified results can become a complicated task, especially as the surface target becomes more complex. Thus, the accuracy of classification is uncertain. For example, in the case of mapping snow cover, differentiating the contributions from vegetation, snow, and the underlying soil is not practically feasible using only a single frequency scatterometers. SAR images of sea ice illustrate considerable variability in appearance as a function of imaging conditions (polarization, incidence angle, frequency, etc.), sea ice conditions (surface roughness, ice type etc.), and meteorological conditions during SAR acquisition. Therefore, there should be a consistent improvement of understanding of SAR imaging of sea ice by investigating the relationship of radiometric, statistical and polarimetric signal properties to physical properties of sea ice surface. The ultimate aim of the study of the cryospheric region is to enable robust and consistent classification of sea ice from SAR data with relatively good accuracy. Such a classification technique would be important for both operational sea ice monitoring services and climate change researchers. DEM is extensively used to detect the temporal changes of glacial lakes, glaciers, and moraines by comparing two DEMs produced at two different time intervals. Most of the glacial lake outburst flood happens during the rainy season and, therefore, monitoring the glaciers is a very difficult task due to bad weather circumstances and presence of dense clouds. Over the past decades, space-borne InSAR has revolutionized our ability to detect the surface motion of glaciers and ice sheets (e.g., [52] ). This technique enables large-scale measurements of ice motion, day and night, independent of cloud cover (e.g., [53] ), at a wide spatial resolution. InSAR coverage of Antarctica initiated in 1991 with the launch of the ERS-1 in tandem with ERS-2. In 1997, Radarsat-1 imaged regions south of 81˚S interferometrically for the first time, including South Pole, after the satellite was rotated to point its radar antenna to the south [54] . In 2000, RAMP acquired data north of 80.1˚S repeatedly and interferometrically [55] , but the data proved difficult to use in northern West Antarctica, the Antarctic Peninsula and Wilkes Land in East Antarctica, due to high temporal decorrelation of the radar signal.
SAR can be labeled as the investigative tool, for snow mapping in cryospheric regions. The sensitivity of radar wavelengths to surface roughness and moisture content of snow suggest that SAR is a potentially ideal RS tool for detecting rapidly changing conditions on the Earth's surface occurring at any weather situation or time of the day. For example, ERS-1 offers a unique possibility to map the collapse of an ice shelf at the time scale of a few days. Another application area is the detection of changes in the ice margin and nearby lakes and the map-ping of snow facies boundaries on the Greenland ice sheet. Glacier mass balance can be estimated using C-band SAR data. One of the major obstacles in analyzing SAR images for finding changes in backscattering is the strong reliance of the image characteristics on the imaging geometry, especially in mountainous terrain with a large influence of the topography. For many applications which are based on analysis of the radar cross section of distributed targets, speckle is an unwanted feature. In the microwave region, it is hardly possible to discriminate between firn and snow. For many applications in RS such as multi-temporal investigations or combinations of data from diverse sensors and also for contrast with ground-based observations, it is essential to transform all the data to the same coordinate system or map projection. On the other hand, images generated by SAR are generally distributed in slant range or ground range geometry. In rugged terrain, a SAR image in this projection shows topographically induced distortions, shadow and layover areas. Another difficulty is that smaller water bodies are difficult to map with SAR.
Satellite RS of the cryosphere has progressed over the last five decades. It has helped us to understand the global distribution of the cryosphere, changes and trends in snow cover, sea ice, and glaciers. SAR has helped in the rapid assessment of glaciers in areas such as Antarctica, the Arctic, and alpine glacier. For the Greenland and Antarctic ice sheets, satellite-based altimeters and SARs are providing deep introspection into ice topography and the velocities at which the ice flows to the sea. Recent studies have proven the potential nature of the SAR technique which is evolving day-by-day with new creative ideas for the cryospheric regions. SAR data have been proven potentially superior in cryospheric regions. Still, there is some lacuna in present studies which can be revisited in future. Crevasse detection under the snow & use of SAR in the mountainous region still remains challenging tasks, for which solution can be developed in future.
Future Directions
SAR technology can effectively extract the ice sheet surface information and can measure the surface topography of polar regions. SAR technology can be effectively used in snow and ice classification, accumulation rate estimation, grounding line identification, studying glacier dynamics, ice shelf tidal movement, sea ice monitoring, subglacial lake exploration, etc. [69] . Nowadays, SAR systems have higher spatial resolution and more operating polarizations. Especially during the polar night, SAR satellites can provide regular RS data. These advantages make SAR technology become one of the most vital means for cryospheric studies [69] . It provides important scientific and technical support for the polar research, and for studying dynamic changes of ice sheets, ice shelves, glaciers and sea ice, etc. SAR images can be used for mapping, surface classification (dry snow and wet snow classification), target feature extraction including blue ice and crevasse, temporal and spatial changes of ice shelves, sea ice monitoring and classification and ice velocity mapping based on feature tracking, etc. InSAR can be used to generate DEM of the Antarctic ice sheet and, extract blue ice and crevasse based on coherence information, etc. [69] . Moreover, accurate ice velocity mapping, extraction and change monitoring of grounding line, etc., can be achieved using DInSAR methods. Moreover, InSAR, DInSAR and speckle tracking technology are highly capable to measure glacier surface displacements with high precision. In order to provide a special emphasis on the applications of SAR in Antarctica, polarimetric SAR, InSAR, and DInSAR were surveyed in this paper. In addition to these well-known methods, there are a few very recent methods developed in SAR technology, which can be used in future for improved polar research, such as, persistent scatterer Interferometric SAR (PSInSAR), SAR tomography (TomoSAR), and polarimetric InSAR (PolInSAR). In case of crevasse detection, it is necessary to design new methods based on texture and context characteristics to reduce false detection. In case of ice velocity mapping, the accuracy should be improved by detecting the seasonal and annual changes of ice velocity. Additionally, the phase errors induced by atmosphere should be corrected [69] .
Conclusion
SAR is an ideal RS technology, which works in all-weather and day and night situations in the remote cryospheric regions on Earth, and gives the useful unprecedented spatial information. We reviewed about the evolving nature of SAR in the cryosphere, and highlighted various components of the cryosphere and the classification and applications of SAR in the cryospheric studies. SAR technology is very effective to monitor changes of ice sheets, ice shelves, glaciers, sea ice, snow, blue ice, etc. to study the relationship between polar regions and global climate change. We have reviewed a wide variety of applications of SAR technology, which include a study of ice sheet surface features based on SAR images and coherence, DEM generation with InSAR, and sur-face deformation monitoring using DInSAR and speckle tracking methods. The cryosphere research aims to develop the understanding of the processes and dynamics of various parts of the cryosphere, namely land ice, ice shelves, glaciers, snow, sea ice, and permafrost. The combination of microwave RS, field surveys and modeling is the main approach to address this research topic. Besides operational monitoring, the quantitative evaluation of essential variables from SAR systems allows improving the understanding of processes and systems. There are several challenges in RS of the cryosphere. The development of operational methods primarily based on the use of high-resolution SAR imagery is needed. Synergetic usage of SAR systems can greatly improve the knowledge of the dynamics and stability of various components in the cryosphere. Changes in glaciers provide evidence of climate change, and therefore glaciers play a key role in early detection of global climate-related observations. Glacier change will impact global sea level and other natural hazards. These environmental changes demand international glacier monitoring efforts to prioritize the use of SAR data in conjunction with traditional field observations.
